12 United States Patent

Gomaa et al.

US010883059B2

US 10,883,059 B2
Jan. 5, 2021

(10) Patent No.:
45) Date of Patent:

(54) PLASMA-ASSISTED METHOD AND SYSTEM
FOR TREATING RAW SYNGAS
COMPRISING TARS

(71) Applicant: PLASCO CONVERSION

TECHNOLOGIES INC., Ottawa (CA)

(72) Islam Gomaa, Nepean (CA); Andreas

Tsangaris, Ottawa (CA); Graeme Hay,

Kanata (CA); Marc Bacon, Stittsville

(CA)

Inventors:

PLASCO CONVERSION
TECHNOLOGIES INC.

(73) Assignee:

Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35

U.S.C. 1534(b) by 495 days.

Notice:

(%)

(21) 15/543,768

(22)

Appl. No.:

PCT Filed: Jan. 13, 2016

PCT No.: PCT/CA2016/050027

§ 371 (c)(1).
(2) Date:

(86)

Jul. 14, 2017

PCT Pub. No.: W02016/112460
PCT Pub. Date: Jul. 21, 2016

(87)

(65) Prior Publication Data

US 2018/0002620 Al Jan. 4, 2013

Related U.S. Application Data

(60) Provisional application No. 62/103,114, filed on Jan.

14, 2015.

Int. CIL.
CI0K 1/34
B01J 19/08

(51)
(2006.01)
(2006.01)

(Continued)

304 > l

208

303

3&5 _—] _..n----" .._-' N

306 ——{—»| |

-3 b

(52) U.S. CL
CPC oo C10K 1/34 (2013.01); BO1J 19/088
(2013.01); COIB 3/342 (2013.01); C10G 9/36

(2013.01):

(Continued)

(58) Field of Classification Search

None
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

6/1994 Alvi et al.
11/2003 Chan

(Continued)

5,319,176 A
2003/0209174 Al

FOREIGN PATENT DOCUMENTS

CN 102549341 A 7/2012
WO WO 2008-104058 Al 9/2008
(Continued)

OTHER PUBLICATIONS

Chinese Oflice Action 1ssued for corresponding Chinese Patent
Application No. 201680015644.5 dated Oct. 14, 2019.

(Continued)

Primary Examiner — Kishor Mayekar
(74) Attorney, Agent, or Firm — Perkins Coie LLP

(57) ABSTRACT

The mnvention provides a system and method for conversion
of raw syngas and tars into refined syngas, while optionally
minimizing the parasitic losses of the process and maximiz-
ing the usable energy density of the product syngas. The
system 1ncludes a reactor including a refining chamber for
reflining syngas comprising one or more inlets configured to
promote at least two flow zones: a central zone where syngas
and air/process additives flow 1 a swirling pattern for
mixing and combustion 1n the high temperature central zone;
at least one peripheral zone within the reactor which forms
a boundary layer of a buflering flow along the reactor walls,

(Continued)

- 201

L I 307

308
305

312

304

305

5




US 10,383,059 B2
Page 2

(b) plasma torches that 1nject plasma into the central zone,
and (c¢) atr 1njection patterns that create a recirculation zone
to promotes mixing between the high temperature products
at the core reaction zone of the vessel and the butlering layer,
wherein 1n the central zone, syngas and air/process additives
mixture are ignited 1n close proximity to the plasma arc,
coming into contact with each other, concurrently, at the
entrance to the reaction chamber and method of using the
system.

8 Claims, 13 Drawing Sheets

(51) Int. CL
C10G 9/36 (2006.01)
C10K 3/00 (2006.01)
CO1B 3/34 (2006.01)
(52) U.S. CL
CPC ... C10K 3/008 (2013.01); BO1J 2219/0805

(2013.01); BO1J 2219/0894 (2013.01); COIB
2203/0216 (2013.01); COIB 2203/0222
(2013.01); COIB 2203/0255 (2013.01); COIB
2203/0861 (2013.01); COIB 2203/1247
(2013.01); YO2P 20/129 (2015.11)

(56) References Cited
U.S. PATENT DOCUMENTS

2007/0196249 Al 8/2007 Fridman et al.
2007/0266633 Al  11/2007 Tsangaris et al.
2009/0077887 Al 3/2009 Michon et al.
2010/0065781 Al 3/2010 Brothier
2011/0104575 Al 5/2011 Mu et al.
2011/0107669 Al 5/2011 Carabin et al.
2012/0193215 Al 8/2012 Fourcault et al.
2013/0131421 Al 5/2013 Stein et al.
2014/0157789 Al 6/2014 Francu

FOREIGN PATENT DOCUMENTS

11/2008
3/2011

WO WO 2008-138117 Al
WO 2011032839 Al

OTHER PUBLICATTONS

European Communication 1ssued for corresponding European Pat-

ent Application No. 16737004.8 dated May 16, 2019.
Supplemental European Search Report 1ssued for European Patent
Application No. 16737004.8 and dated Jul. 31, 2018.

Hadidi, K. et al., “Plasma Catalytic Reforming of Biofuels,” Plasma
Science and Fusion Center Massachusetts Institute of Technology.
Dec. 17, 2003, 17 pages.

International Search Report and Written Opinion 1ssued in PCT/
CA2016/050027 completed Apr. 21, 2016.



U.S. Patent Jan. 5, 2021 Sheet 1 of 13 US 10,883,059 B2

200

> 700

300 -~ +»

400

500

FIGURE 1



301
07

US 10,383,059 B2
3

- 308
305

“312
30

Sheet 2 of 13

Jan. 5, 2021

U.S. Patent
301

m i
i
= -
5 E
A
i E
H b
: i
H
i E
: b
: A
2l F e e e e e o e o o e e p—————————————————— ST
i
3 3 k]
L T
b Lo w4l
HRRE T A
“
! 4
:
;
".. . _ - |....|
. - N
I : . -
o 1 e
[
: . .
- - dor
" om
Y orew e L
Tt e, R
o ,
o g . . [P
v WU e e s e e L R R Ao ow At il w kb
.
.
.
: ~
-4 .
A !
H e
4 i
1 u..
: :
.
-
L
™
. SEew e 3
.n.ﬂa.ﬂ.q
L -
o
“A_"».
- B
e
LTS
¥
4
F
L
-
H
.
£
-
;
:
-
-
5
a
e ' -
.
L u L
L
Pt
e
........w
.
. JI-H-"-I.-.r!.-
woo Feeag e
" ) R AT IR sk eromon wom
« SRR RS Rk b kew sk R W T
d
- =TT ERT BT P — ....
i L
£ LR . ER » -
K
d
i
i
T
PR
- f.owme BT
- - - - At -
e T I e A LI U B

308




U.S. Patent Jan. 5, 2021 Sheet 3 of 13 US 10,883,059 B2

301

FIGURE 3



US 10,383,059 B2

Sheet 4 of 13

Jan. 5, 2021

U.S. Patent

ol e e ey e S oy o o S N e e P A R T .:."...u.rl .u.....u..r.r.r..
i 3 T rﬂxuﬂﬁ._{ﬁaw?ﬁ..??mw; AT AN A T A
..-...._-._............... 3 ot @...xﬁhﬁﬂfxﬁwhkxv?x; St e e '
r! ..._#_u._...:..... Hd it o e A e T e S e A e et

o T e et s e e e e e G [y

Twr L i L e e e e e

b 5 e s e e i, e e e R B e e e e e e e e

R e H,ww_mm s
Y oy T AL

iy r.fu. rh A s y

e

FLh G

o
)

L
H Ry L i e D e T A . >
- ..,..,”F.n”.,..r. ] EJ%&W%% e e A L T
Jv..v.......w..".“h.,..“.”nﬂv,...k..uh& .,w.,.,....ﬁ..,“,.“.w,.hnr,.“..q.r,. .....n.,...... ; o P o e

.. o e - R i s
.. R H R o e e A

“.u..?.,.m..ﬁ,..“.“..”..?..“.......“....

R

PR
: ",...,.....u.mv....}... * T .."u.u_..MH..m.u..x..n T
. o
T L A e e
e Lo
AL

PRI
: ]
: s

et el ) :.......F.....h-ﬂi.u.... i
R e R
.ﬁ..__.._......__.r. it .?..J_.......... Tary
A o Do il
e ...._...“_.......r... :
o ry,

-

e me L e, Lat s okt 1 Hoe el
i ; SR R e,
i s e qﬁﬁfu&d
i e B il
7 ......u..“..N...r......."...:u{. R T i .......,,......._...“.r..m...w.“f......“......x..,.su.}. i
i i e S
: : BB R
e R P i b i AT
" - . DR Rl
A R R ST S

e A

ey e L e D e el ST
TR e :
e e .ﬂ_ : :

T
AL
e A

e

A X
R
Y e e e

et o -
e
e

SR R

o
S

W
P

N )
PR,

ol ir-Eh A
EEE A
TN,

s
7

ot
'\-'-_- } K
; '\ifg«i. ;

2

-
.

"

B

5
¥
i
5

R
..,....,......,.h.m..s..q.. T

ek = o .1# e 5 e
= iy gt T L o L
B ..M....fm.....?xm..w.n?...“...ﬁv .n..u...,...,.,.mv.,.,,. T e P R
o A R L L S
: .>.;ﬂﬂ@;m.wn§¢€. .?fwﬁs?ﬁ?%mﬁfsssﬂﬂux

FIGURE 4-B

FIGURE 4-A



U.S. Patent Jan. 5, 2021 Sheet 5 of 13 US 10,883,059 B2

301

301 ——»

307

301

301

FIGURE S5A



US 10,383,059 B2

304
— 305
315

I H
]
E:
3 .,,.._¢..m._"..!....:._r..._z..”.....”.......:.:s..:..........:.... I R
g omoRowT T i i
TR z R S
N wono
e e ! k et
. H
- .
b L -
ToE W
- ;
= w - = ' r -
= k _". sl I 5 ~ _ .
" T - 1
h..u..
i e B - L
; b ] L e
L T - EE T
: - T a o, s op e WE
4 T
3 - [ 9 = o » - w3
H ; - -
LT P SR e LI T S ]
B P 1) . . . . . T LT -
. T PR L b e e Al AR L Ly Yy T
E .
-~ 0
. ,
]
%
H
M
H
-
H
>_
.-
-
W
ur.n. H
<
“l
W

Sheet 6 of 13

.".....-"I..."...F.__..ﬂ-h&inﬁﬁt?:?:i:ik
d._vDﬁ._ur
'Dvoﬁ.

Jan. 5, 2021

U.S. Patent

i .
H u
- YT : .
o o
.1| E
i o
n .
. -
T L
., -~ h
Y o S
+..n... 3 . Lo
L) : L T —
LI ; = g
_n".....n... . ) .n..,....n._.
. . —...-.. -
. e e
) P A R k. mm
% - BTN ) " . LR RS :
: r R S R N - B Tt el .
-
“Ip.
\
Ty
[©. LT L o A o e e e e e e o e e e S mm mum =t B e e ) g T [ b = T e e T = = T i L L bbb b P P .
X
1
1)
.“.
.....
HH
LI
L
g,
z
ﬂ -
n
"
:
-
-
w
-
Lt
- T
-~
A
R |
pi——




US 10,383,059 B2

Sheet 7 of 13

Jan. 5, 2021

U.S. Patent

312

| N

Do Ty

e é{?&ﬂﬁxﬁﬁ.ﬁ. : .....n.n_..........___.ri : o
) 2 - L P

R e S e SR e B el e T AT

o daee

Pttt

e

T lu.r.r#.."..“.. ."I.:...u. o ..r.u.r“..m-..r".-.. - - - .. .:.n.ru.
i s H v, o i e
b : r! .,...rv................ o ..mu..v...u.,. BeXt Ry .....{u......n.f.....,....”....,. ..ah;rm.u“.affuuu.w..w.?”ﬂ,“

....,..w...u....vv..,."..

o e T T S ; ......
e

.....
L
REACHC s P i -
- .".......m..n...n.............u,"...u......,.....w
S
Eore

s
ra

RS i o, Lt
s R, S i : %ﬁxﬁuﬂﬁﬁﬁ

e o N L5
e L T
bt i i
R v

e

+: H
e ) e "

H e

: e
e el
) O

PP I T i
LA
R
: ....".....,.ﬂ;,. H
el

>,

P

&
x::."\.

Jote
=
i
0
'
=
2
b
:

o

R,

3

Rty

. o
: 7 R
ket ....".......”....u.,.._.m.....,..ﬁu.
A
HER I el
LN T R
e L e
ety

FIGURE 6-A

o i

o e,
h = % s

= e ....v..?.,"v.sv

"
- - S S
e s R e e L A :
R ......x.,,”.,., ,...w,,..,.,.,............,.,."...,.... .p....."."......,._.ﬂm.”...“.,.....?..wx
e L T et e
EHR ", PR L e ]
TR ..,......,“.n._.wu..u............. BRI S
- " R :

A R e
F

FeH LT LN T

T R A
R T
] St

: e o n e : 2
.\.,% 2 S AT e T L : T
S e S e o
.ﬂ,-,..,....,..v e .unﬁv i ._.#....“.“_.._- e "._......-.".u....m..w-_.‘..b.."..t_..a.w...._..
% e e ;

f. s -
R
SR

et

e e R i
i % E
B e e eyt
AR o .._..........-...___.. - ...._..#a.a...."..._._f = ..".M_._... A

i Vi ............... . .......J{..v..r..... 7 : nﬂr..._.".r."..r...._nm.:.....,.h...,....
o .,........ e, t.....w.... .r...........,,.....n.... o s
e e A,

s ;
) o B
A

e
4

ath e U i Y

g A o e L ¥

e SRR
B v .,p....f..,...w.nv.f > e, A e S

i e

R




US 10,383,059 B2

Sheet 8 of 13

Jan. 5, 2021

U.S. Patent

FIGURE 7A

.-.v
o
i e
T
LR ek 1

R

b

.”.nnw...vw.__.m-...r.rq__..-_-_.... !

G

T i ..t.w&ﬂf. z

. T [ - e e
fhatias: ﬁfﬁawu? R
s

ol ) n.rj.t..r .-u.n...

ol el
SR
R a ....u.”...-._. et ._,.._,..,...,...m. Ler: 41

o,

L

. s

R

HEgnat
o

. S -.-..%-vn-”“-.”ﬂ.lurvw.r -1.&1-
i
ot ........».;rm:m_m..m_,.._..v..ﬂw..m.....m.u. A
St e
Fachadr b e e gt

%ﬂw LS

L i -
e L

i e
el

e

et
it
oo,

e
Drne e
T J_,..\.......\»....u.fn. TR

it L.
M.W...,.....W...".._M..

2
LA u.w ad
SR

-
L

s
=

0

i
)
Sk
.
1

|
-
5

-?.

Plaleit
L]

o
5
o

g e
A 2 e o D
...r-..r_-.r.I kP

o,

e
R
o

AL

e ot T - AT : -
; e ¥ iy LT
S ' iy G .
Sy S FEAES
SR iy S
.....v.........,..........,._.“.u. Sl . LT
- .,..n..uf. AL . . -
. ' .
H H - Tro- - '
I, HE ; v
ek e . “h G-,
Lorntnd - . ! ¥ T : it e -
SIEiy - e e e : ’ i e AR L
A - LT . e P e e F : Lt A Lk b P
L . . T T o 2 " .
e fuﬂ.,,ﬁm.wmﬂv.. o - ' rpkri..n...?r.....uﬁw.n&.ﬂ?uﬁ% 7 T A T A ; : R, e R A AR LR ; : SN I

oo
i
it il oLl bl i T
AT ...“"..w..n P R P A S

sr=




US 10,383,059 B2

Sheet 9 of 13

Jan. 5, 2021

U.S. Patent

00NN

i T T S

.......m”.....i...i ...,.....,..1.-.....""“,..... ......... .,....n..w...w.. ;

et Rkt Chbe

T iz
oty R E R

. . ..!.F| .
LT 'y Pl 1] Ty
s ..h_nl.x..u.:.w#ﬁw@

el e b B el D e

U AT e

g R

s Al Ex

e ..,...r?. T e +H..
R e e e e
ST rwmwn P ...ﬁmﬁ“.xv_vwvm.uwnw...ﬁ.. ;
P R S
e S DT

U.J.,“u,. T R
; FA

=

e

it

-

o

R

s
e

Ho kY

E e

8 3
5.G00a+001

3.000e+001
0.000e+000

dﬂg.
-
-
oo
&
-
-
L2
“F

Velocily
REhreamiin

FIGURE 8

T

5 T
e e 2 T e SoEd i
. v S A e o " ".v....nuv..;wq.,?\..;..,. R R T ;.m.u..u“. P e i e e .uv,....“...,..,..,..u.f
N S S e e A\%ﬁ} SR s
L e e

ot

i ....r,....u.u"u...."".m....,.w..m.ru..".v.. i
....u...n.r.,....”... ,....vx,.,”...w{/o...m...r,vnﬂ}... h«ﬁ%ﬁxﬁx ...M.x....“...c....,.ww,.. o fc.v&#...inx?fs%#)v....... R et o
: e r/...u.....\{/.(\...i.......“v s

s
L

Hy e S

o e
et ........,..............,...,....,.;. 5!% .1....,.....,..,.,....... ...u..n..,.w........ i .%ﬁﬁmmf o
R e e

T o " .._,..,...r...”.wv ; =
FH W J‘.ﬂ. H 2 .
By ;.”muéwﬂ.f.wﬁ.wq..ﬂ.mpmf.“ﬂﬁ f}{..:.,%m..ﬂ.u?h. T s i e e
ﬁ...u................“........“w.”..“._”........”....._..”.w..."...,..“. ...,,.....“.....,.”w....,,.“.u,".,....ﬂ...,.nﬁu. vﬂﬂa.".prwa.?!.,....,"a.a{....ﬁw?.f xvu.W(Wts#v S s
R B A b o
Nl H G RO, e H u..u.n.wfu... .“...“.......... umﬁﬁwfw..wwwvﬂwﬂﬂﬂmvhxﬁugﬁ. ...u..“.....-..,r.u....u...."...u..w..,“;w.....}
% ...".....,,..r........ e s i

vy .._.-. i ; Rt PR o
e e e L e : T e 0, Eons ; =
o g ) A : S T S e e S
i : Sl e @, .ﬁa#ﬂ.‘ﬁx.ﬁnwwﬁﬂrﬂﬂﬁ ifumhmﬁmfbﬂhmﬁﬂhluwﬁﬁfwm‘
o
o ! :
b,

e

A
e B
5 aﬁwﬁnﬂ

ST R }fﬁ%ﬁ% S Ry

=

o R e e 1 .__._..._. T % o -.-...._._.n..u.n f.ff%ﬂuwﬁiﬁ

A

e

o Ay 5 2 e g A e T, e

. - d o " . = = { =
B e D e T e L L e e

L R A I e e e < :

umhwx&ﬁ.n.ﬂﬁwfmwxxam.uﬂ ..m%;ﬁ.%%#wﬁ%ﬁﬁ%aﬂJhﬂxﬁﬁ e ; ...:r..,...h...v.l...,..wn.v..nuu. ..na..._.....“..”,..\-......q...... ook
ot o L Fae I e R

- . S iy - _.-4.__-“...

T

A

!

Lk

L

R

AR

ety e e ...ﬁ......r.___.._._.
ki ..."._...ﬁ...._h...u.p.....u_._..w

ke

ey

e

s " L: = h..l-ﬂ..—.
A 2 e o
i .__r.n_...._ﬂ_.__. iy u".W-ﬂn

e

L e e .......a.___.._......._f..,..ﬂ.."__..u_av

Sir e ._wv...____. S R
S e
,.ﬁ.”.... H...H:...%J.M%H.H;.W ...___.u._muh S ..___.m...

r,
! 2 !

e
o
o " e

ks
et
3
!

"
g
o L ._..___. e
?....ﬁ...\&..w.ﬂ.fﬁ...mmﬁ.
e
S

o

e
T
el
E et
T T e
e e
e Feaniin
: e
e e

e e et
PR

FIGURE 9



Sheet 10 of 13

U.S. Patent

R ; f,..“..“..”...
-
e ....n.... S

L
R T
-
St pns
o

SEn

5

o

%

L

"'\":-.-':.h ;

!

o et
=

!

o
o

i

L

US 10,383,059 B2

s

Yy

%

PR

~}

:
L]

_

-

-
f

-

FIGURE 10

Jan. 5, 2021

R R I D R R T I I

fome
S
asheredd
L
Ak
S
bk
14
)
X
x
(ES
=
[FE
L
o3

o
-
=
=
&=
&
-

,ﬂa
&
<

©
=
&
<
end

1.800e-001

1
{
1

(301
Uiy
001

G0a-

-

4

1

3

4008

=

200e

a

-

A

el
oL
2

Q2
002

00e-

&

h

L00e

&
4

Q02

(00e
000e-002

0.000e+000

&

2

FIGURE 11



U.S. Patent Jan. 5, 2021 Sheet 11 of 13 US 10,883,059 B2

Ea

Ll b
G

e

-'r-"';*;'. i
',é;-;-_t}fﬂf% .-ﬁ '?+ i+

%‘I%F: Lk 35
"'_,-n}a- q.é!'-'#;' L7

-

b
5 i i )
i : f . R
! i : o ' S "f':'t{: 2,
. "I'EI'G} ! f't!. A 5 T 'Q' I|!|. . _?‘ i" ﬁ;?& ﬁr}_ T I|I|I|I|!|'| ?ﬁ
Rt I R R EHn A e '}-:,-.-}J-.’E"E'f‘f'-..-.r- 7
ff%:{m :ﬁ% o Eh%‘é;_%{‘i R ﬂ' .W.‘: e ﬁﬁ {ffé::iﬂ : %ﬁ:@%@}@r
L 5 l.-: Eol pllis b *.gl'i tﬁ?ﬁ}& : i:." "'l‘!"rr' ?}} 3 ﬁ-ﬂ:h-’ihlf}':@t’ =
W e S :.:. ik 41-.9... {. 2 H ":"'-P R p ;) 1 ol ‘E?"'-' E&:}' 'I? ; Er "?‘E """.ﬂ‘}r )
e e e e GO
{}gﬁﬁ%‘*ﬁfﬁh i ﬁt}k{’& w;ﬁ},:_ﬁ :} ST
e e o
i {‘:ﬁ.ﬁ e e
!

S :
o o

TR T _" 'rif

i 2

f iy
:E::-';n:.}'f 's:

o
1daateas
ah

] L

PG
B

e

-
£y

©
-:!-':‘E'
o

~'€3"

",
1]

ﬂ
o
i
e,
.:"\;3?-
T
E:u-’**'.{ﬂ
E’:.I-f-'.'

piF;
e

R

'.'i.: £l

o

'1“_‘:2

C L g T L L L
ke

A

='r,

T

TR I
et

i, !_: H
et s
el N

Fraaac HE

ey H
-“““-'I". .%—;
5 iy
i LY

FELENELY

AR ]

ok bl

H Atid

£

[aLN]

L

S

Rty

LT

by

_.__
T
LI

FIGURE 12

2
e
N,

S 3 5 i
el R A G i : : . i SR
it R e E“‘-"_;ﬂ‘ TR E‘, fﬁj i "'ﬂ i P N : el R ; iy i, ':.1-?4'3'"-&{"'* :
; fxﬁ%'?‘é SR ;.ﬁ*ii.f-*w"'-*?f'ri S e e R R e e e
Sl e e o
L N e A -."-.. . L, . s =T ., r AT At AR _,.-‘p-._.
Wi o o
e & SR ] i S
o DR @;ﬁs

i i ?ﬁf " ‘&;‘I ‘:}ﬁ-. g & ;% A T

‘:i
G

=
..\_‘-_:-h :
o

gl
R
it
s

i
fﬁ?"
I

.
s
by
j-\."'.-:__‘.%‘q:iﬁ: i
e
0

:

it

GURE 13



..
; iy
- PR
Ht R "
u,........".......w......"..u."..u....,..wv,“._...,......,,:..........u.......v A
?rn..me.u?..vf..uu;#?ﬁ.".vw.“..?? e
T
o et sy B o L A i L
R A e A i ey
T T R T L g
. e e e H
P .n.".._..;.....u"..._“.u.._.m...."..".............}..,.

R R T

,.,
; .,.,.r..vﬁ,.w.ffd;.,.r“_.w?ue S P
.%%%w@%gvéﬁ SR

T e T : R i
PRl o %%%ﬁw?ﬁ?x

H -.I.r-.- H

e
R P BT s i ....,.m.:...............u. o
S o e B L I I s o P
et > S A T

et

X o it i
s e

e el e ]
e

PO R R

f e e S i S
AT o MR R
N

" .
e H

i R :
i .?ﬁmﬁmnnﬁ.?fﬂ%a.........{... :
H - [ . H A -

,:.
S
e
%&%ﬁﬁwﬂ} 2

A N
S b s T

US 10,383,059 B2

ey Sy e, e
e I S o CEROLH R s iL
ﬁ?ﬁ nﬁmﬁwﬁ P
TR e
sy o .s_.......w,. e nfe.m.r.ﬂw."“..p.“&..v : :
e
St Ly

Ao A

L e
e
L e e

N,
iy i
LA

AN
R m...............

PR
S

R s

R

SR et uw.”..“..u...,...... 35
AL =ary ) s

* A T
- o HoHA iy
o, o ...__......"u...f.f....r..,.... Moo ..."......",..........w..,.,.....#.v....,......,.{. e
.

e e
ek -, L

R S
........,u...ﬂ....... PR

-
-

FLEATr s S % 5
ey e e o T e e e e o A e L e :
vfﬁ?;ﬂmﬂ A e R e e - y :

H ] . [ i b e L M P A Lo . o . .

i e T R S T e e, T ; . Her H .

s .-...u. S .r.r...J. R u......"r.ru. P ....“..r.r un, N . " el Ll A o & LA T - . i} -
R ...,".f,u..n..w”v...ﬂ.":;?ﬂr A e Lt A e T PRt “al e : ; ....".......S.uwﬂ.,u.r

- Ay

}3‘,:{

b 3 e e

ST e A Ly, ARG LS gLty

e %. T R
bk ?ffv.......s....,..-....v....,.ﬂ..:v.....v ettty e .......w...“.......... Pty " LI S h LN .....,,u....u.nv....."..,_."..rf...f.....v

i .....?LJ,...,..,....M.V.....
+ A
wirf/ﬁ..z.,....w.,......,....”..x. ST
....uu. o Gy

35

,
TR
... .,..er;..r...{.v N.}.w F e .,
5 - i
vﬁaﬁ;&ﬁ,ﬁvﬁ R e %ﬁﬁf& A LT B TR e R
R e e it T e e e
A : mﬁgﬁ#v%ﬁﬂﬂmﬁ ;

=
T e
A

W
3

B
e :
S

i ..“.-...."......m.
R

i

=

Y
X
-

r..ﬁvx%..... ot i ....,.,n,....... .
SRR

R

o

o]

: e .,.,.....,.....m,u.u...... 5 S A el

i T AL G L e

S R e
H) L oy

,. .
e e b R
e ....,,,.,,..... R R AT ARttt
e L e U T
Ay T T T A e
e b
S T - R

F:

-

.. P

SRR .ﬁ«fﬁﬁﬁmﬂ%ﬁ% o
eneanem Gt t :

| A m@xﬁﬁﬁiﬁwﬁrﬂﬂ ﬁ;@“ﬁﬂ%

"

oy h s
e e 3

e i

;
e
k et = S,
: A %Eﬂ%ﬁwgﬁm
: M : s L PNt T f:ﬂﬂﬁ.w.r....v. L e
Rl R e e e e R ﬁﬁ%%&iﬁwﬁfi =
S e e e S
e R e A e L e AL t.“.....u..u”v.... %{Eﬁ) s
% ,.....m...__...mm.q .__.__.__._" P S ! 12 e N . an ..,.....nv.wm.\V\f..}
T e g ", . E e . wa e
= P o POt
% TR i ; - w........”.”..n...”...w. e

o N

T 2 T
e

WAt

el :
e AT
3 e S
il Rl Y
SR ?/Mh.ﬁ?f.. R
b r. K s ]

S A

..

\.\.......H..u..........,,,..

5

e e o i

%EJJ}«J L

i o S ; R Ao

’ 4 e A

R
S -

>
:
D o
e S T T
uh%ﬁwﬁ%f{ﬁﬂ o
” R el
S e
e a2 X .v."..u.. r,...,.,..}..;...,..:..,y{
S e
..,.-.n."..v ......“I{

e,

-,
i

e

Sheet 12 of 13

{ﬁm%w% S i

e - R, -
Samnae i
X, rf . H P ot T iy ! - e
i e%ﬁﬁmf;%%ﬁﬁéﬁai
e = rl o
ot s v sl

i,
Ml
3

! 5 G el d t e e A
T 2 )
T S e

4..3..;. xa,
S aena

FIGURE 14

el o
e ..u..n..u.......”"........“.,.. s
i I

I
S R Y
;hx&,ww?w.ﬂww&“:ﬂwfx Y

T :
e
AR ;
o R A S T
e
e e e D e
AR
e D T L e T
R
e ST
e e i i T
B I ]

b

e
ey ..._.y....,....u.u....,....“............ SR !
; ¥ AR
iy “.H....,u..w ..m.......w{a,...m....".un....... oy
i

A
e
R

PRt el
R
S

...| ........ "...
S ,,memﬂ,“ﬁvﬁfﬁ....
e R > = i > S e e L e e s S
St : o
s ..-.aﬂuﬂ..v....v#m..%.—..._.fh..ﬂ? O i .n.......”m. ...,H..H i
i e T e A e e
¥ . i

PRt

I A S - A e T
2 ? o

o i

ot o

e < ..,,
S e v e
; i a,,,,,...,n..,.. 5 A
e : RS Wﬁ%ﬁﬁwﬂh@ i
= e .,..".."..rv.;.... e e T S e

: ; ...J...F&ﬂ........w...f R T

P
A A A
Al

:

Jan. 5, 2021

A

T
Y

r: o
e i, ﬂ\....w.
.............__.Mw...hﬁ.. L

e

St ..._._..

i - oy .-...ﬁ".....-wr......... o

L e .

e
s

e AR A 0

Y e e i, e

R e e

T pER AR
e

e

i

i

7i1e

3

i el
ALY

R T Y

L WAL

p

o

H e H
Thania e T
e R P i
R R
et
??ﬁﬁx

LT,

p i ;
n e
i B e L o
" l e R I P L
.. Jm..%ﬁﬁ%..ﬁﬁ.ﬁhf e e e T
e e A e e e e
L T LR
................u.f...r.,...rt.:....-,}..........r..r.u.r..i.......,..........................

U.S. Patent

FIGURE 15



U.S. Patent Jan. 5, 2021 Sheet 13 of 13 US 10,883,059 B2

308

FIGURE 16



US 10,883,059 B2

1

PLASMA-ASSISTED METHOD AND SYSTEM
FOR TREATING RAW SYNGAS
COMPRISING TARS

FIELD OF THE INVENTION

This mnvention pertains to the field of syngas treatment. In
particular, 1t relates to a plasma assisted method and system
for treating raw syngas comprising tar.

BACKGROUND OF THE INVENTION

Gasification 1s a process that enables the conversion of
carbonaceous feedstock, such as municipal solid waste
(MSW) or biomass into a combustible gas. The product gas
of the gasification of MSW often includes a significant
amount of tar.

Prior to use, the product gas from gasification 1s often
refined. Refinement systems include those that expose the
product gas to plasma. Plasma refinement reduces the larger
hydrocarbon molecules in the product gas to a combination
of hydrogen, carbon monoxide, carbon dioxide and steam,
with some trace contaminants, through the processes of
thermal decomposition and plasma catalysis. The hydrogen
and carbon monoxide mixture, known as synthesis gas
(syngas) can be combusted 1n an internal combustion engine
generator(s), which converts the chemical energy of the
syngas 1nto electrical energy. A steam turbine generator uses
the by-product heat from combustion to produce additional
clectricity.

An eflicient and reliable process of producing refined
syngas can significantly impact the economics of waste or
biomass plants. Improvements 1n the refinement process and
related mechanisms are an ongoing effort at many research
facilities, 1n light of current interest in renewable energy,
waste management and hydrogen/syngas fuels.

Companies like Advanced Plasma Power (APP), for
example, have developed a two stage thermal Gasplasma™
process to produce refined syngas, which can be fed directly
into a gas engine for the etlicient recovery of energy. In this
process, the plasma treatment step 1s for both ofl-gas and
solid residue 1n a single chamber and the 1ssue with having
one unit for gas and inert treatment 1s 1n the lack of separate
control of the gas/inerts treatment.

Hadidi et al. 1n “Plasma Catalytic Reforming of Biotuels™,
Dec. 17, 2003, discloses fuel reforming experiments from
partial oxidation of biofuels, 1n which a calculated amount
of oxygen 1s added 1n the reactor, 1n order to capture each
carbon atom 1n the fuel as carbon monoxide, thus releasing
hydrogen as hydrogen molecules. The production of plasma,
by using a plasmatron reforming technology, allows for a
robust and large volume reaction initiation of the fuel-air
mixture. "

The work describes the procedure, results and
analysis of bio-fuels reformation using low-current plasma
discharges. Hadid1 also discusses the possibility of limiting
the air supply to the reactor, to control the reaction kinetics
and subsequently the composition of their effluent. In addi-
tion, Hadid1 describes the use of a boundary layer of air to
protect the walls of the reactor from high temperatures that
are present 1n the core reaction zone of the reactor.

In the Hadidi process, fuel passes through a thermal
plasma torch, which has three air inlets and the end result 1s
that everything 1s converted to plasma; mixing 1s only a side
note to ensure having a stable plasma field.

In some prior art systems, poor mixing of the air and
syngas components results 1n stratification of the reactant
mixture within the reactor body, thus forming dynamic
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regions 1n the reactor that are fuel-rich, fuel-lean or stoi-
chiometric. This creates a challenge from an engineering
standpoint, because 1t does not allow the use of a specific,
static strategy for 1gniting the air-fuel mixture, as the mix-
ture mole fractions are constantly evolving. Subsequently, 1t
results 1n an unstable flame 1n the reactor, leading to incon-
sistent temperatures profiles and poor tar conversion.

These aforementioned challenges reduce the tar conver-
sion efliciency of the refining chamber.

Although etlective at reducing tar contamination, plasma,
a high temperature medium consisting of highly reactive
species, may undesirably cause corrosion of the reactor
walls.

This background information 1s provided for the purpose
of making known information believed by the applicant to
be of possible relevance to the present invention. No admis-
s1on 1s necessarily intended, nor should be construed, that
any of the preceding information constitutes prior art against
the present mvention.

SUMMARY OF TH.

INVENTION

(L]

An object of the present mvention 1s to provide plasma-
assisted method and system for treating of raw syngas
comprising tars. In accordance with an aspect of the inven-
tion, there 1s provided a plasma-assisted system for treating
raw syngas comprising tars, comprising: (a) a refimng
chamber for refining syngas comprising one or more inlets
configured to promote at least two flow zones: a core
reaction zone where syngas and air/process additives flow in
a swirling pattern for mixing and combustion 1n the high
temperature central syngas tflow zone; at least one peripheral
zone within the reactor which forms a boundary layer of a
buflering flow along the reactor walls, (b) one or more
plasma torches that inject plasma into the core reaction zone,
and (c¢) air injection patterns that create a recirculation zone
to promote mixing between the high temperature products at
the core reaction zone of the vessel and the bullering layer;
wherein 1n the core reaction zone, syngas and air/process
additives mixture are ignited 1 close proximity to the
plasma arc, coming into contact with each other, concur-
rently, at the entrance to the reaction chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the imnvention will now be described, by
way ol example only, by reference to the attached figures,
wherein:

FIG. 1 1llustrates one embodiment of the system detailing
raw syngas input 200 and 1njection of raw syngas along the
internal periphery 800 of the reactor chamber 3500, the
process air/additive mput 300, plasma application 400 and
mixing zone 600, and the processed syngas output 700.

FIG. 2 illustrates a side view of one embodiment of the
system configured, such that the inlet splits the raw syngas
teed 309 1nto two volumetric tlows: 302 (central syngas tlow
zone) and 306 (peripheral syngas flow zone), and feeds the
syngas into the reaction chamber, while the process air 1s
routed through air entrance ports 301 that are perpendicular
to the chamber and tangential to the main flow. FIG. 2 also
shows the low temperature zones 305, hot zones 312, the
core reaction zone/mixing zone 304 and the reaction cham-
ber outer wall 303, the reactor inlet wall 307 and the location
of the plasma torch(es) 308. The concentrated plasma 312 1s
also shown i FIG. 2. The chamber also comprises a
frustum-shaped portion. The recirculation path 313 of gases
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1s caused by the differential 1n temperatures, pressures and
velocities of the central region 304 and the boundary regions

305.

FIG. 3 shows a top view of the area of the refinement
chamber where the air entrance ports 301 are located.

FIG. 4A-4B shows contours of the gas temperatures and
streamlines of air flow along with their temperatures for one
embodiment of the system. The contours show the core
reaction zone/mixing zone 304 and the peripheral syngas
flow zone 306 and their differentiation from each other in the
reactor.

FIGS. 5A-3B illustrates a top view and side view of one
embodiment, showing a multitude of air entrance ports 301,
located tangentially to the refinement chamber. The reactor
inlet wall 307 1s also shown 1n the figure. Chamber 303 and

plasma torch arrangement are the same as depicted in FIG.
2.

FIGS. 6 A-6B show the temperature contours from the top
view ol the embodiment of FIG. 5. The cross-section 1s
located at the entrance of the reactor. FIG. 6 A-6B also shows
the hot region zone(s) 312 and the cold region zone(s) 313
at two different cross-sections locations 1n the reactor. The
location of FIG. 6A 1s upstream of the location of FIG. 6B.

FIGS. 7A and 7B show a lateral view and a top view of
a third embodiment of the refinement chamber entrance
where the air 1s mnjected axially into the vessel through air
entrance port 301, while the raw syngas 1s 1injected though
the tangential syngas entrance port 309.

FIG. 8 shows the model results for gas flow streams for
the refinement chamber entrance design depicted 1n FIGS.
7A and 7B. It shows the distinct separation between the core
reaction zone/mixing region 304 and the peripheral syngas
flow 306.

FIG. 9 shows the temperature distribution for the refine-
ment chamber entrance design depicted in FIGS. 7A and 7B.
The distinct temperature zones are visible in the picture
along with the distinct difference 1n temperatures between
the core reaction zone/mixing region 304 and the peripheral
syngas flow 306.

FIG. 10 shows the location of the concentrated plasma
314 in the refinement chamber for the refinement chamber
entrance design depicted in FIGS. 7A and 7B. The plasma 1s
injected at the edge of the wall into the gas flow path 1n this
design 1.¢., the plasma torches are not protruding into the
reaction chamber. The plasma torches 308 are located as
shown 1n the figure.

FIG. 11 shows the plasma mass fraction for the embodi-
ment depicted 1n FIG. 10. The figure shows the distribution
of plasma 1n the gas stream and indicates the location of the
concentrated plasma 314.

FIG. 12 shows the tflow velocities and distribution of the
reactant mixture inside the reactor for a simple refinement
chamber entrance design, which lacks a frustum shaped
entrance portion, in a fourth embodiment.

FIG. 13 shows the plasma concentrations associated with
operating the design shown 1n FIG. 12. The drawing shows
the location of plasma species present 1n the mixture within
the reactor, using grayscale shading. The concentrated
plasma 314, hot region 312 and cold region 313 are seen in
the figure.

FIG. 14 shows the flow velocities and distribution for a
refinement chamber entrance design similar to the one in
FIG. 12, but in the presence of a frustum shaped entrance
portion. The plasma entrances location 1n this design 1s 1n the
frustum shaped portion, protruding past the nner reactor
walls.
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FIG. 15 shows a view of temperature profiles of the
design shown in FIG. 7

FIG. 16 shows plasma entrances that are located horizon-
tally oilset from each other. In the figure the plasma torches
308 and the concentrated plasma 314 are shown.

DETAILED DESCRIPTION OF TH.
INVENTION

(1]

Definitions

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs.

As used herein, the term “raw syngas™ means, generally,
a gas generated during the gasification process that has not
been treated.

As used herein, the term “tar” means high molecular
weight hydrocarbons which are generally defined as the
downstream condensable hydrocarbon component in the
product gas.

The term “process additives™ as used herein, includes any
compound that can facilitate the partial oxidation of syngas
and includes air, O,, enriched air, steam, CO,, O,, H,O.,,
H.S and combinations thereof.

OVERVIEW OF THE INVENTION

This mnvention provides a system and method for treating
raw syngas comprising tar. The system comprises a refining
chamber comprising one or more inlets for raw syngas
configured to provide at least two tlow zones 1ncluding a
central zone where syngas and air/process additives flow 1n
a swirling pattern for mixing and combustion; and at least
one peripheral zone that forms a boundary layer of a
buflering flow along the reactor walls. The system further
includes one or more plasma torches that inject plasma into
the central zone. The system 1s further configured, such that
flow patterns are created in a recirculation zone to promote
mixing between the high temperature products at the core
reaction zone and the builering layer to facilitate complete
processing. The system 1s configured such that in the central
zone, syngas and air/process additives mixture 1s 1gnited 1n
close proximity to the plasma arc.

The invention further provides a method for treatment of
raw syngas including tars that comprises mixing the syngas
and air/process additives 1n a central syngas flow zone, 1n a
swirling pattern for combustion, with the simultaneous
injection of plasma-generated radicals, electrons and 10ns
into this central syngas tlow zone; recirculating a peripheral
syngas stream into the core reaction zone/mixing zone
created by the combustion of the centrally mjected syngas
with process air/additives, with the simultaneous 1njection of
plasma-generated radicals, electrons and 10ns into said cen-
tral syngas flow zone; creating a stable flame in a reactor
comprising a rich fuel: air ratio, to facilitate the plasma
catalysis of the raw syngas and the breakdown of tars into
lower hydrocarbons and 1gniting the near-stoichiometric or
oxidising mixture 1n the central zone, where the syngas,
process additives and plasma come 1nto contact with each
other

In some embodiments, the method and/or system are
configured to maximize tar conversion and energy density of
the product syngas while optionally minimizing parasitic
power consumption and/or maintenance down-time.
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The system 1s configured to create various zones within
the reaction chamber including a zone configured to opti-
mize the conversion of tar by exposure to plasma and at least
one zone(s) to shield the reactor walls from being exposed
to the high temperature plasma at the reactors’ core reaction
zone and the reacting species that causes corrosion to the
reactor walls.

In some embodiments, this multi-zone system 1s config-
ured to allow for reactor walls that withstand lower operat-
ing temperatures of plasma (+800° C.).

In the present invention, preheated-air/syngas/plasma are
mixed to accomplish multiple objectives; which include
allowing part of the raw syngas to be oxidized, thus pro-
viding heat to facilitate refining the rest of the raw syngas.
Another objective accomplished by this gas feeding method
1s to create a recirculation zone that eventually combines
with the buflering layer into the core reaction zone of the
reactor for gas reformulation, once 1t has served its purpose
of buflering the reactor walls adjacent to the high tempera-
ture core reaction zone of the reactor. Plasma 1s added to the
syngas 1n such a way that 1t reforms the syngas that wasn’t
completely oxidized; it also helps maintain the flame 1n the
center of the reactor, where the reaction mechanisms shift
from oxidizing to reducing.

In some embodiments, the mixture of air and syngas 1n the
refinement chamber 1s made sub-stoichiometric to maximize
tar conversion reactions, while minimizing the use of syngas
as heating fuel.

Temperatures of +800° C. are required to breakdown
some of the heavier tar molecules into the desired gaseous
lower molecular weight hydrocarbons. The elevated tem-
peratures 1n the refinement chamber can be achieved by a
balanced combination of the two following methods:

1. Pre-heating the air being fed mnto the refinement cham-

ber.

The advantage of this method 1s that waste heat from a
downstream process 1s recycled by pre-heating the
air, thereby reducing the requirement for an external
energy source or the requirement for further con-
sumption ol hydrogen and CO. This helps maximize
the overall energy efliciency of process. The disad-
vantage ol using air 1s that, thermal energy from
combustion of air and syngas, used to increase the
syngas temperature, 15 now used to raise the air
temperature which 1s mainly nitrogen, an inert 1n the
refining process. This extra combustion would result
in less heating value from the resulting refined
syngas and would reduce the efliciency of the pro-
cess. The nitrogen present 1n the air has an added
disadvantage of also diluting the syngas in the reac-
tion chamber and consequently further reduces the
lower heating value (LHV) of the refined syngas. A
reduced LHV of the syngas 1s undesirable.

2. Using the plasma torches 1n the refinement chamber to
inject hot, reactive, plasma gases into the reactant
mixture.

The main advantage of the plasma torch 1s the highly
reactive radicals and electrons 1t produces, which 1n
combination with the combustion-generated 1ons
provide for an effective tar conversion system. Going
beyond the use of the plasma as a reaction catalyst,
its use as a heat source has the main disadvantage of
requiring an external power source 1.¢., 1t consumes
electricity, which increases the parasitic power losses
within the process—reducing the electrical efh-

5

10

15

20

25

30

35

40

45

50

55

60

65

6

ciency of the process. The advantage of this method
1s that 1t does not dilute the syngas-air reactant

mixture.

Methods 1, 2 or a combination of methods 1 and 2 in the
operation of a refinement chamber, are utilized to achieve an
optimal balance for providing thermal energy to the reac-
tants.

The design parameters of the refinement system can be
adjusted to achieve desired outcomes (tar conversion or
similar objective) for any specific process volumetric flow,
component concentration in the feedstock, process tempera-
ture, feedstock residence time or other process parameters.
The key design parameters that can be adjusted are:

1. Ratio of the major and minor fuel (raw syngas) stream
split being fed into the reactor. The minor stream
(central) can be from 5% to 50% of the main, raw
syngas feed stream with the balance being the major
stream (peripheral).

2. The amount and temperature of air fed 1nto the system
can range from 40% to 100% of the volume of the raw
syngas entering the system at a temperature ranging,
from ambient to 800° C.

3. Location, position, power and type of the plasma
torches.

The ratio of the tlow stream split being fed into the reactor
determines the size and location of the boundary layer and
allows accommodation of raw syngas with different lower
heating values (LHV). The amount and temperature of air
fed into the system allows control of the oxidation potential
of the reactor and allows accommodation of various process
conditions and feedstock compositions. The location, posi-
tion and power of the plasma torches help 1n defining the
shape and location of the plasma regime within the reactor.
For majority of process conditions, the location of the
torch(es) will be such that the ligh energy plasma zone
coincides with the oxidation zone 1n order to take advantage
of the synergies of the two phenomena.

The three aforementioned parameters can be optimized
for a wide range of process conditions with feedstock of
various compositions to achieve:

A distinct lower temperature boundary layer that protects
exposure of the walls of the reactor from the high
temperatures that exist in the core reaction zone of the
reactor.

A plasma gasification reactor that can seli-sustain a stable
flame 1n its core reaction zone, even though the average
air-fuel mixture ratio 1s not stoichiometric.

An economical refinement chamber that maximizes the
LHYV and overall usable energy flux of the process raw
Syngas.

DETAILED DESCRIPTION

FIG. 1 illustrates a general diagram of one embodiment of
a refinement system showing the raw syngas mput 200 and
the raw syngas injected along the internal periphery of the
reactor chamber 800, the process air/additive input 300, the
plasma application 400 and the raw syngas, air and plasma
mixing zone 600, the reactor body 500 and the processed
syngas product 700.

In accordance with this embodiment, the reactor {for
relining syngas comprises one or more inlets configured to
promote at least two flow zones including a central zone and
a peripheral zone, within the reactor. The flow zones can be
accomplished by the shape and geometry of inlet; for
example a split of inlet flow into two equal sub-streams can
be accomplished by the inlet being internally divided into
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two sections of equal cross-sectional areas. In the central
zone, a near-stoichiometric or oxidising mixture of syngas
and air/process additives flows 1 a swirling pattern as a
flame stabilization strategy; in the peripheral zone, a bound-
ary layer of syngas provides a buflering flow along the
reactor walls protecting the reactor wall from being exposed
to temperatures approaching its melting point and reacting,
species that causes corrosion to the reactor walls. This
boundary protection layer 1s important from a thermal and
subsequently from an economic standpoint, because 1t dic-
tates the decision on the type of material that 1s used to
construct/line the walls/body of the reactor. A reactor that 1s
designed for a higher temperature will cost significantly
more than one demgned for a lower operating temperature
due to the cost difference 1n the materials used 1n 1ts
construction. The reactor 1s designed such that the fluid
dynamics therein, promote eventual migration of the gases
which once formed the boundary layer into the central
zone—this 1s achieved by the pressure differential between
the central zone and the boundary layer achieved 1n turn by
velocity differences between the regions. Fresh raw syngas
now forms a new bullering layer, while the previous buil-
ering layer moves to the core reaction zone of the reactor and
1s exposed to the tar conversion process belore exiting the
reactor. The location of plasma injection 1s optimized, so
plasma gets entrained in the recirculating mixture, thereby
tacilitating the desired conversion reaction therein and maxi-
mizing the conversion etliciency of the reactor.

The number of tlow zones within the reactor is related to
the number of distinct temperature zones within the reactor,
which can be two or more for any given design.

The near-stoichiometric or oxidising mixture 1s 1gnited in
the central zone (mixing region), where the syngas, air and
plasma come 1nto contact with each other, concurrently, at
the entrance to the reaction chamber. This mixing region
allows the achievement of a stable flame and consistent
temperatures 1n a reactor comprising an overall rich fuel: air
rati0, thereby facilitating predictable plasma catalysis of the
raw syngas and the breakdown of tars mto lower hydrocar-
bons, hydrogen and carbon monoxide. The percent compo-
sition of tars 1n the product of the process 1s of the utmost
consideration, which qualifies a waste-to-energy process for
certain applications while excluding 1t from others. Another
function of the zones 1n the reactor are to protect the internal
walls of the reactor from the high temperatures (+800° C.)
at the core reaction zone of the reactor and the reacting
species that causes corrosion to the reactor walls, by limiting
the availability of air/oxygen at the boundary region, direct-
ing 1t to the core reaction zone of the reactor, resulting 1n
lower temperatures at the bullering layers.

The present mvention can be mmplemented in various
reactor geometries, each of which can be optimized to
specific process conditions and objectives 1.e., the process
conditions dictate the optimum reactor geometry for a given
set of outcomes.

In the embodiment shown 1n FIG. 2, the minor stream 1s
routed through the central syngas flow zone 302 1n direction
to a core reaction zone/mixing zone 304, while the major
stream of the syngas flow 1s imntroduced along the perimeter
of the chamber which forms the peripheral syngas flow zone
306. The central syngas tlow zone 302 1s combined with the
incoming process air, fed into process air/additive inlet ports
301 leading to produce a near-stoichiometric or oxidising
combustible syngas-air mixture in a core reaction zone/
mixing zone 304, in which the mixture 1s 1gnited when 1t
arrives 1n the vicimity of the plasma torch(es) 308. In the

peripheral syngas flow zone 306, a boundary layer of syngas

10

15

20

25

30

35

40

45

50

55

60

65

8

in the low temperature zone 305 (exaggerated for clarity, 1n
FIG. 2) provides a buflering flow along the reaction chamber
outer wall 303 protecting 1t from the high temperatures in the
core reaction zone/mixing zone 304 and the reacting species
that causes corrosion to the reactor walls, before being
pulled into the combustion zone further downstream of the
plasma torches.

In this embodiment, the air introduction 1s composed of
two entry ports 301, located at opposite sides of the reactor
(FIG. 3) on a horizontal plane to each other. The pre-heated
air streams are introduced tangentially through air inlet ports
301, which create a swirling flow pattern in the air as 1t
enters the reaction chamber.

FIGS. 4A-B show contours of static temperature within
an operational refinement chamber utilizing this design and
the splitting of the syngas stream between two zones: central
syngas flow zone 302 and peripheral syngas flow zone 306.
The swirling motion 1n the mput air stream facilitated by one
or more air entrance port(s) 301 creates a core reaction
zone/mixing zone 304 within the reactor, i the vicinity of
the plasma torches 308, providing a near-stoichiometric or
oxidising syngas-air mixture. The result 1s a stable flame and
recirculation in the refinement chamber region and an
acceptable tar conversion reaction, minimizing the tar con-
tent 1n the product gases.

This modification of the entrance along with the resulting,
flow lines 1s shown in FIG. 14. As shown 1n the resultant
temperature distribution of FIG. 15 the design allows a
gradual transition of the reactant fluids from the mput into
the reactor via a frustum-shaped portion of the reactor
thereby providing a unmiform temperature profile, a hot
plasma region 1n the core reaction zone of the reactor,
reducing erosion of the internal walls of the reactor due to
trapped plasma species.

From a thermal analysis standpoint, the temperature pro-
file of the reactors 1s divided into at least two distinct
temperature zones including a core reaction zone and a
boundary zone(s). Each of these serves a specific purpose.
The core reaction zone can be designed to be the hottest zone
in the reactor (FIG. 15) and allows for a stable flame 1n an
otherwise rich fuel: air mixture. This zone 1s also where the
important function of high temperature tar-breakdown
occurs. The cooler temperature zone(s) are, 1n this instance
designed to be along the walls of the reactor. The critical
function of these zones 1s to protect the reactor walls from
exposure to extreme high temperature (such as those 1n the
core reaction zone of the reactor) and from the reacting
species introduced by the plasma that could cause corrosion
of the reactor walls. IT the wall temperature 1s kept lower
than the core reaction zone temperature, it extends the usable
lifetime of the reactor by reducing thermal breakdown of 1ts
walls. It also reduces the amount of high temperature
resistant (typically ceramic) matenal applied to the internal
walls of the reactor, thereby reducing its cost and process
downtime for repair/replacement of the high temperature
resistant maternial. The reactor 1s designed such that the fluid
dynamics therein, promote eventual migration of the gases
which once formed the boundary layer, into the central zone.
Fresh raw Syngas now forms a new bullering layer, while the
previous bul ermg layer moves to the core reaction zone of
the reactor and 1s exposed to the tar conversion process
betore exiting the reactor. The location of plasma injection
1s optimized, so plasma gets entrained in the recirculating
mixture, thereby facilitating the desired conversion reaction
therein and maximizing the conversion ethiciency of the
reactor.
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Tar conversion performance for actual operation of the
embodiment of FIG. 2 1s shown below:

Total Tar Concentrations (mg

Tar/Nm® of raw syngas) Conversion Achieved

Test # At Inlet At Outlet %0
1 40,747 mg 6,897 mg 83%
2 50,191 mg 3,040 mg 03%
3 57,675 mg 5,708 mg 90%

In an altenative embodiment, the channels for air protrud-
ing into the vessel are replaced with a plurality of external,
air entrance ports 301 (FIG. §) allowing a traverse 1njection
of process air into syngas. In an example with 4 air entrance
ports 301 (FIG. 5), hot air 1s 1njected tangentially into the
reactor 1 a traverse direction to the syngas flow, which
creates a swirling flow pattern in the resulting air-syngas
mixture, enhancing mixing.

The flame created by the air injection 1s stabilized by the
radicals provided by the flame created from each adjacent air
jet (FIG. 35). Torch gases are 1njected as close as possible to
the reaction zone to boost the concentration of radicals and
increase heating rate as well as maximize the temperature to
tacilitate tar conversion. FIGS. 6 A and 6B, show examples
from Computational Fluid Dynamics (CFD) simulations
showing temperature distribution, at the plane of the air
injection (FIG. 6 A) and at a plane approximately 5-6 inches
below (FIG. 6B) the plane of air injection. The location of
the plasma entrance (torch location) can be varied during the
design of the refinement chamber entrance to optimize the
performance of the apparatus based on specific raw syngas
conditions and desired outcomes.

In an alternative embodiment of the invention, air 1s fed
into the reaction chamber vertically down a central axis,
while the raw syngas 1s routed through a raw syngas feed
port 309. As a result a swirling flow pattern 1s induced in the
syngas as 1t enters the reaction chamber. In the reaction
chamber the air and swirling syngas come into contact with
thermal plasma provided by one or more plasma torches
located 1n the flow path at the entrance to the reactor. The
flow streams and temperature for this embodiment are
shown 1n FIGS. 8 and 9.

The design location of plasma entrance into the refine-
ment chamber can be optimized for refinement chamber
performance. Plasma entrance geometries can be used to
produce different results with reaction chamber perfor-
mance.

FIG. 16 shows plasma entrances that are located horizon-
tally offset from each other. In the figure the plasma torches
308 and the concentrated plasma 314 are shown.

This embodiment 1s configured to induce a swirling
momentum into the mixture entering the reactor, which
results 1n a well-mixed core reaction zone region of the
mixture, thereby enhancing plasma distributions and break-
ing down tars efliciently. FIG. 10 shows the plasma distri-
bution without a swirling design and FIG. 11 shows 1t with
a swirling reactant mixture.

Alternatively, air input can be via one or more tangential
ports. The resultant, modified flow streams and plasma
entrainment 1s shown m FIG. 12 and FIG. 13.

Optionally, the design can be modified by smoothing out
the geometrical conditions of the section of the reactor
where the reactants enter the reaction chamber.

In various embodiments of the refinement chamber, the
raw syngas feed 309 can be split into two or more equal or
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unequal streams before being fed into the reactor. The
number of streams and their respective volumes are a
function of the process conditions including, but not limited
to inlet temperatures dictated by upstream process condi-
tions, outlet temperatures defined by desired outlet compo-
sition, process pressures, feed stock composition, flow rates
and the heating value of the stream composition.

In one example of the embodiment the streams were split
into a minor stream and a major stream (approximately 25%
and 75% volumetric ratios 1n the test case, to generate a
near-stoichiometric or oxidising fuel: air ratio in the core
reaction zone of the reactor) before being fed 1nto the central
syngas flow zone 302 and the peripheral syngas flow zone
306, respectively. In this general embodiment of the inven-
tion, the minor stream can be from 5% to 50% of the main,
raw syngas feed 309 stream with the balance being the major
stream.

The mvention being thus described, it will be apparent
that the same may be varied 1n many ways. Such variations
are not to be regarded as a departure from the spirit and
scope of the invention, and all such modifications as would
be apparent to one skilled in the art are intended to be
included within the scope of the following claims.

The mmvention claimed 1s:

1. A plasma-assisted system for treating raw syngas

comprising tars, comprising:

(a) a refinement chamber having a reactor portion and a
frustum shaped portion, the refinement chamber com-
prising one or more plasma entrances located in the
frustum shaped portion and a plurality of inlets con-
figured to promote at least two flow zones in the
refinement chamber, the two flow zones comprising:

a core reaction zone where syngas and air/process addi-
tives flow 1n a swirling pattern for mixing and com-
bustion 1n a central syngas flow zone;

at least one peripheral zone within the reactor portion
which forms a boundary layer of a buflering tflow along
walls of the refinement chamber,

wherein the plurality of inlets comprise air injection
inputs and a raw syngas inlet that 1s internally divided
into two sections of equal cross-sectional area to split
a raw syngas feed 1into a minor stream that routes raw
syngas through the central syngas flow zone 1n the
refinement chamber and a major stream along a perim-
cter of the refinement chamber thereby forming the at
least one peripheral zone; and

(b) one or more plasma torches configured to inject
plasma via the one or more plasma entrances into the
core reaction zone,

wherein the air injection inputs are located upstream of
the one or more plasma torches and are configured to
input the air mto the central syngas flow zone and to
create a recirculation zone:

wherein the air injection iputs are through two air
entrance ports that are perpendicular to the refinement
chamber and located on opposite sides of the refine-
ment chamber on a horizontal plane to each other
thereby promoting mixing between high temperature
products at the core reaction zone of the refinement
chamber and the boundary layer, and

wherein, 1 the core reaction zone, a syngas and air/
process additives mixture 1s 1gnited in close proximity
to a plasma arc.

2. The system of claim 1, wherein said refinement cham-

ber 1s configured to have at least two or more distinct
temperature zones.
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3. The system of claim 1, wherein a number of flow zones
within the refinement chamber 1s related to a number of
distinct temperature zones within the refinement chamber.

4. The system of claim 3, wherein the system 1s config-
ured such that tar breakdown occurs in the core reaction 5
Zone.

5. The system of claim 4, wherein the system 1s config-
ured to provide a stable flame produced with a rich fuel/air
mixture in the core reaction zone.

6. The system of claim 1, wherein the system comprises 10
two plasma torches, and wherein the one or more plasma
entrances include two plasma entrances into the refinement
chamber that are horizontally offset from each other.

7. The system of claim 1, wherein the one or more plasma
entrances protrude into the refinement chamber. 15
8. The system of claim 1, wherein the one or more plasma

torches do not protrude into the refinement chamber.

Gx e * % s



	Front Page
	Drawings
	Specification
	Claims

